We describe the source subtraction strategy and observations for the extended Very Small Array, a CMB interferometer operating at 33 GHz. A total of 453 sources were monitored at 33 GHz using a dedicated source subtraction baseline. 131 sources brighter than 20 mJy were directly subtracted from the VSA visibility data. Some characteristics of the subtracted sources, such as spectra and variability, are discussed. The 33-GHz source counts are estimated from a sample selected at 15 GHz. The selection of VSA fields in order to avoid bright sources introduces a bias into the observed counts. This bias is corrected and the resulting source count is estimated to be complete in the flux-density range 20-114 mJy. The 33-GHz source counts are used to calculate a correction to the VSA power spectrum for sources below the subtraction limit.
INTRODUCTION
Extragalactic radio sources are a major contaminant of Cosmic Microwave Background (CMB) observations, particularly at small angular scales. The power spectrum (C ℓ ≡ ℓ(ℓ + 1)C ℓ /2π) of Poissonian-distributed point sources increases as ℓ 2 whereas that of the CMB decreases with increasing ℓ due to Silk damping and the incoherent addition of fluctuations along the line of sight through the surface of last scattering. The point-source foreground will therefore dominate CMB measurements at high ℓ in the absence of an effective source-subtraction strategy.
Three factors complicate the implementation of schemes for dealing with point sources. Firstly, in the frequency range ≈ 30-200 GHz where many CMB experiments operate, no large-area surveys for sources exist. Simple extrapolation of flux densities from low-frequency data can cause worse source contamination than if no subtraction were attempted at all, due to the population of sources with rising spectra (Taylor et al. 2001) . The positions of sources from low-frequency catalogues may be used to 'project-out' (Bond, Jaffe & Knox 1998) sources from the high-frequency ( > ∼ 30 GHz) CMB data, but at a cost of signal-to-noise. Secondly, 'flat'-spectrum (flux-density spectral index α ≈ 0, S ∝ ν −α ) sources will increasingly dominate bright flux density-selected samples at higher frequencies. Flat-spectrum sources are compact objects and often show flux density variations which means that accurate source subtraction at higher frequencies requires monitoring of source flux densities simultaneously with CMB observations. Thirdly, in order to avoid confusion by the CMB, surveying for sources should be performed at high resolution where the CMB contribution is negligible. narias (IAC) in Tenerife. The instrument is a 14-element interferometer operating in Ka band (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) and located at Teide Observatory, Tenerife (see e.g. Watson et al. 2003) . The CMB power spectrum up to ℓ ≃ 800 has been measured by the VSA in its compact configuration Scott et al. 2003 ) and up to ℓ ≃ 1500 Dickinson et al. 2004 ) in an extended configuration. A unique source subtraction strategy is employed by the VSA to allow accurate subtraction of sources. The regions observed by the VSA are surveyed with the Ryle Telescope (RT; see e.g. Jones 1991) in Cambridge at 15 GHz (see e.g. Waldram et al. 2003) . The sources detected at 15 GHz are then observed with a single-baseline interferometer at the same frequency as the VSA and at the same time.
The purpose of this paper is to describe the source subtraction observations and discuss some characteristics of the subtracted sources, such as spectra and variability. The 33-GHz source counts are estimated and used to determine a correction to the VSA power spectrum for unsubtracted sources.
VSA SOURCE SUBTRACTION STRATEGY
VSA extended array measurements currently probe angular multipoles up to ℓ ≃ 1500, where measurements of the power spectrum can be significantly affected by Poisson noise from unsubtracted radio sources. In order to mitigate this potentially serious foreground, the VSA strategy is three-fold.
Firstly, VSA fields are selected such that there are no sources predicted to be brighter than 500 mJy at 30 GHz on the basis of the NRAO VLA 1.4-GHz All Sky Survey (NVSS; Condon et al. 1998 ) and the Green Bank 4.8-GHz (GB6; Gregory et al. 1996) survey. These predictions were made by extrapolating the flux density of every source in the 4.8-GHz catalogue using the spectral index between 1.4 GHz and 4.8 GHz.
Secondly, the RT in Cambridge is used to survey the VSA fields at 15 GHz in advance of CMB observations. The RT synthesised beam FWHM for this purpose is 25 arcsec corresponding to a spherical multipole, ℓ ≈ 5 × 10 4 , where the contribution from the CMB is negligible. The area surveyed for a typical VSA extended array field is some 13 deg 2 , whereas the area within the FWHM of the RT primary beam is only 0.01 deg 2 . This means that a raster scanning technique must be used so that the 15-GHz survey can keep up with the VSA observations. Waldram et al. (2003) describe the 15-GHz observations and present source lists.
Thirdly, the sources detected at 15 GHz are monitored at 33 GHz simultaneously with CMB observations using a dedicated source subtraction baseline.
The depth of the RT survey is determined by the 33-GHz source subtraction flux density limit, S lim , which in turn is prescribed by the requirement that the confusion noise from unsubtracted sources is at best very small compared with the thermal noise on a VSA map. The confusion noise, σ conf , can be estimated as (Scheuer 1957 )
where the differential source count, n(S) dS, is defined as the number of sources per steradian in the flux density range S to S+dS, Ω is the VSA synthesised beam solid angle and sources with flux densities greater than S lim have been subtracted. Then, from equation 1, for a given confusion noise, the required S lim is given by
where the differential source count is parameterised as n(S) = κ (S/S0) −β . At the outset, the differential source counts were not known at the VSA observing frequency and the source counts from RT observations for the Cosmic Anisotropy Telescope (CAT; Robson et al. 1993) were used. O'Sullivan et al. (1995) found an integral count N(S > 10 mJy) ≈ 3 per deg 2 at 15 GHz and and β was taken to be approximately 1.8. The thermal noise on a compact array VSA map is ≈ 30 mJy beam −1 and the compact VSA synthesised beamwidth is ≈ 30 arcmin. Assuming a conservative average spectral index between 15 and 34 GHz,ᾱ 34 15 = 0, the source subtraction limit such that the VSA compact array maps are thermal noise dominated is S lim < ∼ 109 mJy. In fact, a subtraction limit of 80 mJy was used for the compact array. In order that sources with rising spectral indices as extreme as α 34 15 = −2 are found at 5 σ at 15 GHz, the sensitivity of the RT survey was σ ≈ 4 mJy.
For the extended array observations, which measure the power spectrum at higher multipoles, a deeper RT survey is required. Using the updated counts from the compact array source monitoring, we have n(S) = 54 S −2.15 Jy Taylor et al. 2003) . The nominal r.m.s. noise on a VSA extended array map is ≈ 5 mJy beam −1 , the synthesised beamwidth is ≈ 11 arcmin and the required S lim is ≈ 20 mJy at 33 GHz. This means that the sensitivity of the RT survey for the extended array must be at least ≈ 0.8 mJy in order to find inverted-spectrum sources with α 33 15 = −2 at 5 σ. In fact, the requirement that the RT must survey the VSA fields in advance of VSA observations means that a practical limit to the RT sensitivity is reached at 2 mJy. As a consequence, not all sources with rising spectral indices α 33 15 < ∼ −1 will be found and there remains a possibility that some such sources exist in the VSA fields. Clearly, for measurements at higher ℓ, a new strategy is required
OBSERVATIONS
The VSA source subtraction system consists of two 3.7-m dishes spaced 9.2 m apart, used as a single-baseline NorthSouth interferometer located adjacent to the main array (Fig. 1) . The receivers, IF system and correlator are identical to those for the VSA. Each dish is located within an enclosure to minimize ground spill-over. With this baseline, the interferometer is not sensitive to large-scale CMB emission, while the contribution on smaller angular scales is expected to be negligible. Both the VSA and the source subtraction system measure the same combination of Stokes parameters. Observations of each source were made over a range of hour angles similar to those used by the main array.
Over the course of the extended array monitoring programme, the source subtractor dishes were replaced with ones of higher surface accuracy and the system was upgraded to double sideband operation. This increased the aperture efficiency from ≈ 0.5 to ≈ 0.7 and doubled the effective bandwidth. The nominal r.m.s. of visibility amplitude for the source subtractor following the upgrade is σ ≈ 0.34 Jy s 1/2 . The purpose of the monitoring programme is to measure the flux densities of the sources detected by the RT at 15 GHz at the VSA observing frequency of 33 GHz. This takes place simultaneously with CMB observations by the VSA. For a typical observation, the source subtractor drive system takes the coordinates of the sources within a radius of some 2
• of the current field centre from the 15-GHz source list. A subset (typically ≈ 30) of these sources is monitored over the course of each ≈ 5-hour observing run, with interleaved observations of the brightest source in the field for phase calibration. In this manner, the flux densities of the sources are sampled over the course of the observations of a given field. The integration time for each sample is 400 s, giving a nominal sensitivity per sample of 17 mJy and typically ≈ 30 samples are obtained for each source. A total of 453 sources were monitored for the purposes of source subtraction in 7 independent regions as shown in Fig. 2 .
DATA REDUCTION AND CALIBRATION
Data reduction for the source subtractor is performed in the same manner as for the main array data, using the re- duce software package (see e.g. Watson et al. 2003) . The calibrated visibility time-series for each source in a given VSA field is examined by eye to check the quality of the phase and flux-density calibration. Bad data are flagged at this point and the samples for each source are averaged over the observing period of that field by the main array.
Due to the much greater instantaneous sensitivity of the source subtractor compared to the VSA, the brightest calibrators used for the VSA (Tau A, Cas A and Jupiter) are not suitable for the source subtractor. In addition, Tau A and Cas A are resolved by the source subtraction baseline. The main flux density calibrator for the source subtractor is NGC 7027, a planetary nebula with a flux density of 5.45 ± 0.2 Jy at 32 GHz, based on a measurement by Mason et al. (1999) . Assuming a spectral index, α = 0.1 ± 0.1, a flux density of 5.43 Jy at 33 GHz is adopted. The calibration uncertainty in the source flux densities is 4 per cent due to the uncertainty in the Mason et al. (1999) 
As with the main array, a baseline-based amplitude calibration is applied. Since the source subtractor slews between pointed observations, interleaved observations of phase calibrator sources are made. The phase calibrator sources need only be bright enough to achieve good signal-to-noise ratios in a 400-s integration and are typically the brightest sources already identified in each VSA field.
SOURCE SUBTRACTION FOR EXTENDED
VSA DATA
As described in Dickinson et al. (2004) , a campaign of highsensitivity measurements of the CMB up to ℓ ≃ 1500 was conducted with the VSA in an extended configuration. The flux densities of the sources detected at 15 GHz in the VSA fields were monitored by the source subtractor at 33 GHz during observations by the main array, as described above. For each field, the sources found to have mean flux densities over the observation period greater than 20 mJy were subtracted directly from the VSA visibility data. Fig. 3 shows two examples of a VSA field before and after source Table 2 . The sources subtracted from the VSA6G and VSA8G fields in Fig. 3 . The flux density measured by the source subtractor, S, and the apparent (i.e. attenuated by the primary beam, as on a VSA map) flux density, Sapp, are given. subtraction, demonstrating successful source subtraction and revealing CMB structure previously confused by the presence of bright sources. A total of 131 sources were found to have flux densities greater than 20 mJy and were directly subtracted from the visibility data. Of these 131 sources, the brightest apparent flux density on a VSA map was 115 mJy (see Table 2 ).
Some characteristics of the monitored sources, such as spectra and variability, are now discussed.
Source spectra
In order to examine the spectra of subtracted sources, a catalogue search was performed for the brightest counterparts within 10 arcsec using the Astrophysical Catalogues Support System (CATS; Verkhodanov et al. 1997 ). Fig. 4 shows some examples of the inverted-spectrum sources including J0944+3303, the only subtracted source not to have a positional counterpart in NVSS or FIRST, with a spectral index α = −2 between 15 and 33 GHz. Where available, data from measurements made over a range of frequencies simultaneously (Bolton et al. 2004, hereafter B04) are also plotted.
In order to assess whether any of the subtracted sources were significantly peaked, an attempt was made to fit the spectra to a broken power-law with the following formula (Marecki et al. 1999) :
where k and l are the spectral indices of the rising and falling parts of the spectrum respectively and S0 and ν0 are fitting parameters. In some cases, the spectrum was significantly peaked but a second-order polynomial of the form,
provided a better fit to the data. Fig. 5 shows the 8 sources where equation 3 provided a good fit to the available data, or the curvature, c, of the second-order polynomial fit was > 0.5. Table 3 gives the associated fitting parameters.
There is considerable interest in the identification of gigahertz peaked (GPS) sources and those sources with spectra peaking at frequencies above a few gigahertz, known as high frequency peakers (HFP). The 9C survey (Waldram et al. 2003 ) is the first radio-frequency survey to cover an appreciable area at a frequency above the 4.8-GHz GB6 survey with a sensitivity down to ≈ 10 mJy. As such, it allows HFP candidates to be selected on the basis of their spectra between 4.8 and 15 GHz. The follow-up Table 3 . Spectral parameters for peaked sources of Fig. 5 . The parameters are, peak flux density, Smax, and corresponding frequency, νmax, the spectral indices of the rising (k) and falling (l) parts of the broken power-law fit, and the curvature, c, of the second-order polynomial fit. observations of a subset of these sources at 33 GHz presented here provide another high-frequency datum. An attempt has been made here to investigate if any of the subtracted sources are significantly peaked on the basis of 15-GHz and 33-GHz data as well as low-frequency data from catalogues. However, source variability means that follow-up observations at a range of frequencies simultaneously, such as those performed by B04, may be required to verify the existence of spectral peaks. Of the 8 sources determined here to be peaked-spectrum, 3 sources were also observed by B04. Of these 3 sources, J0024+2911 and J1526+4201 were also found to be peaked by B04 and their measurements of the third source, J0936+3313, are well fit by the falling portion of the broken power-law, although they lack lower-frequency flux-density measurements to verify the presence of a peak around 1 GHz. This suggests that a high-frequency survey combined with a catalogue search is a useful method of selecting peaked-spectrum candidates, despite the variability of sources.
Source variability
For the majority of sources, the source subtractor lacks sufficient sensitivity for measurements of day-to-day flux-density variability, since we use it to measure the average flux density over the time-scale of the VSA observations. However, we can get an idea of the range of variability in the sources monitored for source subtraction in two ways. Firstly, the VSA fields overlap so that the sources lying in the overlap are observed at different epochs. By comparing the mean flux density measurements at different epochs, the variability of sources in the over lap regions can be examined. Secondly, a χ 2 test was applied to find those sources whose time-series could not be fitted by a constant flux density. This latter method is only useful for bright sources observed frequently (e.g. phase calibrators) which thus have sufficient signal-to-noise.
In order to compare the flux densities measured at different epochs, the flux densities measured at 34.1 GHz were interpolated to 33 GHz. -30, -20, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100 and 110 mJy/beam.
The above analysis does not take into account the error in the flux density measurements at different epochs. In order to determine whether a source is variable or not, a χ 2 test is applied, i.e.
where N is the number of measurements, the Si are the individual flux densities and ∆Si their errors. This tests the hypothesis that the flux density time-series could be modelled by a constant. Sources for which this probability is 0.1% are taken to be variable. Of the 453 sources monitored at 30 GHz for source subtraction purposes, only 8 were found to be variable according to this criteriona and these were all phase calibrators. Fig. 7 shows the measured flux density time-series (as well as the 15 GHz time-series, where available) for the 8 sources found to be variable using the χ 2 test. While these sources are taken to be variable for the purposes of further analysis, that is not to suggest that other sources in the sample are definitely not variable. For these 8 sources, the structure functions (see e.g. Simonetti et al. 1985) were estimated in order to check for the presence of characteristic timescales in the flux density variations. Structure function analysis allows timevariability to be quantified without the problems encountered using Fourier techniques with irregularly sampled data. The first-order and second-order structure functions are defined as
respectively, where, S(t) is the source flux density at time, t, τ is the 'lag' and the angle brackets denote an ensemble average. For a stationary random process, the structure functions are related to the variance of the process, σ 2 , and its autocorrelation function, ρ(τ ), as follows:
For τ ≪ τ0, where τ0 is the smallest correlation time-scale present in the series, the structure function, D M (τ ) has a logarithmic slope 2M . For τ ≫ τ1, where τ1 is the greatest correlation time-scale present in the series, the structure functions reach a plateau of 2σ 2 for M = 1 and 6σ 2 for M = 2. For intermediate time-scales, the logarithmic slope of the structure function is 2M . Well-defined structure functions were found for 2 of the 8 sources taken to be variable and these are plotted in Fig. 8 . We now comment on each of these sources. J0958+3224 (3C232) -A compact steep-spectrum quasar with z = 0.53. The first-order structure function for this source has a well-defined slope of ≈ 0.8 on time-scales of 3-12 days, turning over at τ ≈ 12 days. The second-order structure function has a slope of ≈ 1.3 in the same timescale range, indicating that day-like structure exists in the time-series since purely linear trends (or segments of longerterm variations) would produce a flat second-order structure function. The time-series (Fig. 7) shows variations of up to ≈ 30 per cent. J1734+3857 -This source is identified with the flatspectrum BL Lac object NVSS J173420+385751 at z = 0.97. The well-defined logarithmic slope of ≈ 0.9 in the first-order structure function on time-scales of 6-39 days indicates the presence of structure in the time-series with a maximum correlation time-scale of ≈ 39 days. The second-order structurefunction is less clear, however the slope of ≈ 0.9 over the same time-scales appears inconsistent with the presence of purely linear trends. The time-series (Fig. 7) shows variations of up to ≈ 20 per cent.
Although the χ 2 test indicates variability in 8 sources, these are amongst the 11 brightest sources monitored for source subtraction and so have been observed frequently as phase calibrators. Fainter sources may be variable but will not be identified so easily as such by a χ 2 test due to the decreased signal-to-noise ratio of these observations. Fig. 9 plots the ratio of observed-to-expected r.m.s. of flux density, for all 453 sources observed for source subtraction against the spectral index between 1.4 and 33 GHz, averaged in bins of ∆α 33 1.4 = 0.5. If differences between the observed and expected r.m.s. of flux density are due to variability, then we might expect the ratio of observed-to-expected r.m.s. to increase with decreasing spectral index on the basis that the majority of variable compact sources are flat-spectrum, and this appears to be the case.
33-GHZ SOURCE COUNT ESTIMATES
The set of sources subtracted from VSA data does not form a well-selected sample for the purposes of source-count estimation. In order to estimate the 33-GHz source counts, a new source sample was constructed as follows. We selected well-defined regions within the existing VSA fields which had previously been surveyed at 15 GHz down to a completeness limit of 10 mJy. The selected regions encompass a total area of 0.044 steradian and 370 sources with 15-GHz flux densities greater than 10 mJy were identified. All the sources identifed above the completeness limit at 15 GHz were observed at 33 GHz with the source subtraction baseline. Hence the source count we present at 33 GHz is based on a sample selected at 15 GHz. In addition, since the VSA fields were specifically chosen to have no sources brighter than 500 mJy at 33 GHz (on the basis of extrapolation from NVSS and GB6 data) we do not expect our source counts to be complete at high flux densities.
We have also identified a further bias in our data. The first three VSA fields (VSA1, VSA2 and VSA3, hereafter collectively VSA123) were chosen with an extra constraint, such that no source predicted to be brighter than ≈ 250 mJy at 33 GHz should lie within the FWHM of the primary beam. The later VSA fields (VSA5, VSA6, VSA7 and VSA8, hereafter collectively VSA5678) were chosen with the more relaxed point source limit of 500 mJy since their positions were already constrained by operational requirements. This Figure 7 . The measured 33 GHz (black filled circles) and 15 GHz (grey filled circles) flux density time-series for variable sources (as determined by the χ 2 test). 15 GHz data were not available for all sources. All 8 sources were used as phase calibrators by the source subtractor.
slight difference in field selection has resulted in a (deliberate) deficiency of sources with flux densities greater than ≈ 100 mJy at 15 GHz in VSA123. This can be seen by comparing the differential counts at 15 GHz for the VSA123 and VSA5678 fields with that determined using the 9C survey (see Fig. 10 ). In order to use sources from the VSA123 fields in our 33 GHz source-count estimate, we therefore attempt to take account of this bias.
In using sources from VSA123 to estimate the counts we need to set an upper limit, Supper, to the flux density at 33 GHz to ensure that the original selection at 15 GHz (which is incomplete above S15 GHz ≈ 100 mJy) does not bias the count. One approach is to examine the 15-33 GHz spectral indices of all sources above 100 mJy at 15 GHz in our whole sample. We find 12 sources, with a highest (falling) spectral index of 1.0. Since this a small sample, we have investigated the spectral index distributions for complete samples at lower flux densities at 15 GHz. We find that approximately 80 per cent of these sources have α 33 15 1.0. This value of 1.0 gives us an estimate for Supper of 46 mJy. A second approach has been to examine the 33-GHz source counts separately for VSA123 and VSA5678; we find the deficit in the VSA123 count relative to the VSA5678 count appears to become significant at approximately 80 mJy. We therefore assume that 46 mJy is a conservative estimate for Supper and combine the counts from VSA123 and VSA5678, using only those sources from VSA123 with flux densities 46 mJy. Fig. 11 shows the resulting differential source counts. The data used for the fit are shown in Table 4 . A correction is made for the bin widths such that the number of sources in each bin of width, W , and centre, Sc, is multiplied by a factor of (1 − r 2 ) where r = W/2Sc. Parameterising the differential source counts as a power law,
the least-squares fit to the power law was determined for flux densities in the range 20-114 mJy. Choosing S0 = 70 mJy to lie in the centre of this range, the resulting fit gives n(S) = (10.6 
The quoted errors correspond to the χ 2 1-σ confidence limit 
which is also plotted in Fig. 11 . The errors on the data points are the formal Poisson errors, √ N in N . Fig. 12 shows the differential source count predictions of a 30-GHz model (Toffolatti et al. 1998, hereafter T98) , the source counts derived from WMAP (Bennett et al. 2003) , CBI (Mason et al. 2003) and DASI (Kovac et al. 2002) experiments as well as the VSA count described by equation 8. All counts are normalised to those expected in a Euclidean universe. The observed counts are consistent in the overlapping flux-density ranges, but generally fall below the T98 model. The observed VSA counts will be used to re-scale the T98 model in the following section.
RESIDUAL CORRECTION TO THE CMB POWER SPECTRUM
The contribution to the temperature fluctuations from faint sources below the subtraction limit, S lim , has a component due to the Poissonian-distributed sources as well as a clustering term, as follows:
where Bν is the Planck function, k is Boltzmann's constant and x ≡ hν/kTCMB. We can estimate each term of equation 9 using (see equation 1)
and (Scott & White 1999 ) VSA 33-GHz differential source counts (normalised to those expected for a Euclidean universe) compared with those derived by CBI (Mason et al. 2003) , DASI (Kovac et al. 2002) and WMAP (Bennett et al. 2003) . The delineated regions for each experiment are defined by the quoted 1-σ error on the normalisation of n(S). The solid curve shows the predicted counts from the 30-GHz model of Toffolatti et al. (1998) .
where ω ℓ is the Legendre transform of the angular two-point function of sources, ω(θ). Based on estimates of the angular correlation function of sources from the NVSS and FIRST surveys (see e.g. Blake & Wall 2002) , we estimate that the contribution of the clustering term (equation 12) is negligible over all scales measured by the VSA. Fig. 13 plots the integrand of equation 11 on a log scale for the VSA and other experiments operating at a similar Figure 13 . S 2 n(S) for the VSA compared with those derived by CBI (Mason et al. 2003) , DASI (Kovac et al. 2002) and WMAP (Bennett et al. 2003) . The delineated regions for each experiment are defined by the quoted 1-σ error on the normalisation of n(S). The solid black curve shows the predicted counts from the model of Toffolatti et al. (1998) , while the solid grey curve is this model re-scaled by a factor of 0.68 in order to best fit the VSA data. The source subtraction limit of 20 mJy is indicated by the vertical long-dashed line. The vertical solid line indicates the lower integration limit for which the residual source correction is 99 per cent of the total.
frequency. The vertical long-dashed line indicates the upper limit of integration, S lim = 0.02 Jy and the vertical solid line indicates the lower limit of integration for which the residual correction is 99 per cent of the total. For differential source counts with power-law slopes β < 3, the dominant contribution to the Poisson noise comes from the flux decades just below the source subtraction limit (Toffolatti et al. 1998 ).
The measured source counts are used to estimate the contribution from sources below the flux density subtraction limit. However, it is clear that extrapolating the bestfit source count to lower flux densities will over-estimate the counts of faint sources since, as the T98 model shows, the counts are expected to flatten at lower flux densities. The VSA source counts were used to re-scale the T98 model and the best fit is plotted as the grey curve in Fig. 13 . The rescaling of the T98 model required to best fit the VSA 33 GHz source counts was found to be 0.68 ± 0.07. Table 5 shows the residual source contribution for the VSA estimated using source counts measured by experiments operating at similar frequencies, the T98 model and that model re-scaled by 0.68 (denoted T98 ⋆ ). The residual source correction calculated using the T98 ⋆ model is applied to the VSA power spectrum as this method does not over-estimate the counts at low flux densities.
Integrating the T98
⋆ model up to the subtraction limit of 20 mJy, we get T 2 CMB Csrc = 130 × 10 −5 µK 2 sr (or, 207 µK 2 at ℓ = 1000, see Table 5 ). This means that the residual source power spectrum is estimated to be ∆T 2 src = 207 × (ℓ/1000) 2 µK 2 and this is binned and subtracted directly from the CMB band-power estimates as shown in Fig. 14. The T98 30 GHz model must be re-scaled by 0.75 in order to fit the Ka-band WMAP source counts (Argüeso et al. 2003) , and this is consistent at the 1-σ level with the rescaling of 0.68 ± 0.07 required by the VSA source counts.
The cosmological parameter estimation incorporating the extended-array power spectrum data of Dickinson et al. (2004) was performed by Rebolo et al. (2004) . In order to assess the effectiveness of our source subtraction procedure, Rebolo et al. (2004) included the parameter AX in the likelihood analysis, where C ℓ = 2πAX × 10 −6 . A significant ∆T 2 = AXℓ 2 component of the power spectrum may be considered as an indication of an error in our estimate of the residual source correction assuming that the contribution from the SZ effect is negligible for ℓ < ∼ 1500. The combined WMAP and VSA datasets were used for this analysis as well as two external priors, the Hubble Space Telescope Key Project constraint on Hubble's constant of H0 = 72 ± 8 km sec −1 Mpc −1 (Freedman et al. 2001 ) and constraints on large-scale structure from the 2dF Galaxy Redshift Survey (Colless et al. 2001 ). The analysis gives AX = −46 ± 132 and AX = −86 ± 123 with the HST and 2dF priors respectively. In both cases, Ax is consistent with zero and assuming that point sources are the only significant ∆T 2 ∝ ℓ 2 component, the source subtraction has been successful to at least within ≈ 100 µK 2 .
IMPLICATIONS FOR OTHER CMB EXPERIMENTS
Mason et al. (2003) have previously found power in excess of the expected primary anisotropy in the multipole range ℓ=2000-3500 of the TT power spectrum from an analysis of deep field observations with the CBI in 2000. The results of further TT measurements have recently been announced (Readhead et al. 2004) which, when combined with previous data, act to reduce the significance of the excess power detection. In this section we examine the implications of the 33-GHz source monitoring programme for the original CBI deep-field detection of excess power. Mason et al. (2003) report a band-averaged power 508 µK 2 in their highest ℓ bin (2010 < ℓ < 3500) which is 3.1-σ in excess of their band-averaged model power of 66 µK 2 . The detection of excess power could be due to a population of sources with strongly inverted spectra not appearing in NVSS and therefore not 'projected-out' of the CBI data or appearing in the residual source correction. All sources detected at 15 GHz and subtracted from the VSA fields had positional counterparts in NVSS except one, which had a strongly inverted spectrum (α = −2) between 15 and 33 GHz. There was no evidence, therefore, of a new population of strongly inverted sources at 15 GHz. However it is important to note that, with a lower completeness limit of 20 mJy at 33 GHz, the source count estimate is insensitive to sources with rising spectral indices less than α ≈ −1. A deeper survey will be required to investigate whether there is a significant population of sources appearing at 33 GHz with spectra more inverted than this.
The excess power could also result from an underestimate of the residual source correction due to sources below the NVSS detection threshold of 3.4 mJy. This correction is estimated to be C res = 0.08 ± 0.04 Jy 2 sr −1 by Table 5 . Residual source power for a subtraction limit of 20 mJy calculated using the source counts (n(S) = κ S −β Jy −1 sr −1 ) measured by the VSA and other experiments as well as the T98 30-GHz model and that model re-scaled by 0.68 (T98 ⋆ ). The expected residual source contribution at ℓ = 1000 is also given. Due to the expected flattening of the counts at lower flux densities, source counts measured at high flux densities (e.g. WMAP) will over-estimate the residual source power for subtraction to low flux densities. Figure 14 . The final, double-binned, VSA extended array power spectrum before (unfilled circles) and after (filled circles) the estimated residual source power spectrum (dotted line) has been subtracted. which is consistent with that found by Mason et al. (2003) . It is unlikely, therefore, that Poissonian-distributed point sources constitute the dominant contribution to the CBI excess. However, it is important to note that the observed NVSS-VSA spectral index distribution is subject to various selection effects (discussed in Section 6) which will be addressed by source-subtraction schemes for higher-resolution VSA observations.
SOURCE SUBTRACTION FOR THE SUPER-EXTENDED VSA
The VSA has previously observed in configurations probing ℓ up to 1500. In principle, observations up to higher ℓ are possible, limited by the size of the tilt-table upon which the horn are mounted. The array has now been reconfigured to probe ℓ up to 2500. In order to maintain the filling factor of this 'super-extended' array, the 322 mm mirrors have been replaced with lightweight 550 mm mirrors. The front-end amplifiers have also been upgraded, resulting in a system temperature decrease from 35 to 28 K. Based on the T98 ⋆ model, the required source subtraction limit such that the residual source power spectrum is less than a model CMB power spectrum at ℓ = 2500 is S lim < ∼ 2 mJy at 33 GHz, as shown in Fig. 15 . This deeper source subtraction at 33 GHz also has implications for the 15-GHz survey with the RT. In order that all sources with rising spectra α = −2 are found at 5-σ, the required completion limit at 15 GHz is around 0.4 mJy, requiring a RT sensitivity of ≈ 80 µJy. Planned upgrades to the RT as part of the Arcminute Microwave Imager programme (Kneissl et al. 2001) will result in an increase in flux sensitivity by a factor of ≈ 10 and hence in survey speed by ≈ 100, making surveys of the required depth feasible. Figure 15 . The residual source power spectrum for a source subtraction limit of 10 mJy (dashed-dot line), 5 mJy (dashed) and 2 mJy (dotted line). Also shown is a model CMB power spectrum. A source subtraction level of S lim < ∼ 2 mJy is required for a residual source power spectrum less than the CMB power spectrum at ℓ = 2500.
An alternative approach involves the use of an instrument currently under development. The goal of the One Centimetre Receiver Array (OCRA; Browne et al. 2000) programme is to develop a 100-beam receiving system for allsky surveys at 30 GHz. The first stage (OCRA-p) involves building a 2-beam prototype and this has been installed on the Torun 32 m dish in Poland for testing. The first astronomical task of OCRA-p will be to make an unbiased survey of the discrete sources in the VSA fields down to a few mJy. The brightest sources detected using OCRA-p could then be monitored for variability by the VSA source subtractor during CMB observations by the main array.
CONCLUSIONS
The VSA source subtractor has been used to monitor at 33 GHz sources in the VSA fields detected by the Ryle Telescope at 15 GHz. A total of 131 sources with flux densities greater than 20 mJy were subtracted from the data.
A χ 2 test indicated that 8 of the subtracted sources were variable and two of these had well-defined structure functions showing evidence of variability on timescales of days. The source subtractor does not have sufficient instantaneous sensitivity to confirm variability in the fainter sources, however there is evidence of a correlation between the ratio of observed-to-expected r.m.s. in the time-ordered flux density data and the spectral index between 1.4 and 33 GHz. The subtracted sources include five new peaked-spectrum candidate sources, with estimated peak frequencies in the range 1-7 GHz.
Based on areas within the VSA fields surveyed by the Ryle Telescope to 10-mJy completeness, the 33-GHz differential source counts were estimated to be n(S) ≈ 21 S −2.34 Jy −1 sr −1 . That is, there are estimated to be 0.9 sources per square degree brighter than 20 mJy. The 33-GHz counts presented here are estimated to be complete in the flux density range 20-114 mJy.
Previous VSA analyses have extrapolated the source count to flux densities below the source subtraction limit in order to estimate the residual source contribution. This method takes no account of the expected flattening of the counts at faint flux densities and so is likely to over-estimate the residual contribution. Instead, the 30 GHz differential source-count model of Toffolatti et al. (1998) was re-scaled by 0.68 to best fit the VSA data. Integrating the re-scaled T98 model up to 20 mJy provided an estimate of the residual source contribution and this was subtracted from the estimated power spectrum. The residual contribution was estimated to be ≈ 207 µK 2 at ℓ = 1000. The re-scaling of the T98 model required by the VSA and WMAP source counts indicate that the assumptions about source spectra adopted by Toffolatti et al. (1998) may need to be refined.
Using the re-scaled T98 model and the 1.4-33 GHz spectral index statistics, the residual source correction for the CBI deep-field data of Mason et al. (2003) was esimated. We find a contribution of 0.03 Jy 2 sr −1 which is consistent with the value of 0.08 ± 0.04 Jy 2 sr −1 found by Mason et al. (2003) . 
